Abstract Purpose: Plasmalemmal vesicle associated protein-1 (PV-1) is up-regulated in the endothelium of human glioblastoma. We sought to further characterize the expression pattern of PV-1 in human brain tumors and interrogate its role in brain tumor angiogenesis. Experimental Design: Quantitative reverse transcription-PCR and in situ hybridization were used to measure PV-1 expression in a panel of 46 human brain tumors and related pathologic states. Matrigel tubulogenesis assays and cell migration assays were used to show function of PV-1 in primary human endothelial cells (HMVEC) under gene knockdown conditions. Results: PV-1is selectively up-regulated in a variety of high-grade human brain tumors, including glioblastoma and metastatic carcinoma, as well as other cerebral disorders associated with bloodbrain barrier disruption, such as acute ischemia. Expression levels were reduced in low-grade neoplasia; however, tumors associated with the ependyma and choroid plexus, known sites of PV-1 expression, also exhibited robust expression. Cerebral expression of PV-1 mRNA was confined to endothelial cells in all cases. PV-1 expression was induced in HMVEC cells in vitro by exposure to medium conditioned by U87MG and U251MG human brain tumor cell lines and by medium supplemented with exogenous vascular endothelial growth factor or scatter factor/hepatocyte growth factor. RNA interference^mediated inhibition of PV-1 induction in HMVEC cells blocked Matrigel-induced tubulogenesis and inhibited cell migration induced by conditioned medium or angiogenic growth factors. Conclusions: Our results confirm that PV-1 is preferentially induced in the endothelium of highgrade human brain tumors. Inhibition of PV-1 expression is associated with failure of endothelial differentiation in vitro. PV-1 represents a novel marker of brain tumor angiogenesis and integrity of the blood-brain barrier and is a potential therapeutic target.
Malignant brain tumors (gliomas) represent a uniformly fatal
form of cancer. Despite advances in neurosurgical techniques, chemotherapeutic regimens, and radiotherapy protocols, the median survival following surgical resection and adjuvant therapy is <1 year (1, 2) . New treatment approaches that target specific molecular features of gliomas are warranted. One such feature is the ability of gliomas to induce microvascular neoangiogenesis capable of promoting tumor growth. Inhibiting the formation of this microvascular network may slow or stop tumor growth. Developing therapies based on this principle depends on the characterization of specific markers of brain tumor angiogenesis that could serve as targets.
We previously used serial analysis of gene expression (SAGE) to analyze gene expression patterns in microvascular endothelial cells derived from clinical brain tumor specimens compared with nonneoplastic brains to identify glioma endothelial markers (3) . Of the 122 glioma endothelial markers that were up-regulated >4-fold in tumor endothelium, five were especially unique because their expression pattern seemed to be limited to the microvasculature ( Table 1) . One of these genes, plasmalemmal vesicle associated protein-1 (PV-1), was initially identified as a cell surface protein expressed in immature rodent brain endothelium (4) . Further studies indicated that PV-1 localized to caveolae and transendothelial channels in fenestrated endothelium (5, 6) . Interestingly, PV-1 was repressed in normal central nervous system (CNS) in association with formation of an intact blood-brain barrier (5) . Because PV-1 expression seemed limited to tumor endothelium in the mature brain and it was a cell surface protein accessible to extracellular pharmaceutical compounds, we felt that further development of this molecule as a target for antiangiogenesis and possibly anticerebral edema strategies was warranted.
We now present data to support the selective induction of PV-1 in high-grade brain tumors as well as related pathologic states of the cerebrovasculature characterized by hypoxic conditions and disruption of the blood-brain barrier. We also show that PV-1 is induced by human brain tumor cell lines as well as the well-characterized proangiogenic growth factors, vascular endothelial growth factor (VEGF) and scatter factor/ hepatocyte growth factor, and that induction of PV-1 is required for endothelial cells to undergo tubulogenesis and migration in vitro.
Materials and Methods
Clinical specimens. All clinical specimens were provided by the Brain Tumor Bank of the University of Pittsburgh as approved under University of Pittsburgh Institutional Review Board protocol 021164. All samples were de-identified according to Health Insurance Portability and Accountability regulations by a university-approved honest broker before being provided for this research. This research falls under NIH guidelines for exempt research, not requiring informed consent, and was approved by the University of Pittsburgh Institutional Review Board for this exemption.
Chemicals and reagents. All chemicals and reagents were from Fisher Scientific (Pittsburgh, PA) unless otherwise specified. PCR primers were generated by Integrated DNA Technologies (Coralville, IA). TaqMan probes were generated by Synthegen (Houston, TX).
Cell lines and culture conditions. Human dermal microvascular endothelial cells (HMVEC; Cambrex BioScience, Walkersville, MD) were maintained in EBM/EGM-2MV growth medium with 1Â growth supplements (human epidermal growth factor, hydrocortisone, GA-1000, fetal bovine serum, VEGF, human fibroblast growth factor-B, R 3 -insulin-like growth factor-I, and ascorbic acid; Cambrex BioScience). U87MG tumor cells (American Type Culture Collection, Manassas, VA) were maintained in MEM Eagle with Earle's salts and L-glutamine (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 0.1 mmol/L MEM nonessential amino acids, 0.1 mmol/L MEM sodium pyruvate, sodium bicarbonate, 1 unit/mL penicillin, and 1 Ag/mL streptomycin (Invitrogen). U251MG tumor cells (a generous gift of Hideho Okada, University of Pittsburgh, Pittsburgh, PA) were maintained in DMEM with L-glutamine and sodium pyruvate (Invitrogen), supplemented with 10% fetal bovine serum, 1 unit/mL penicillin, and 1 Ag/mL streptomycin. Cells were maintained in a 5% CO 2 atmosphere at 37jC. HMVEC cells were used at passages 3 to 6 in all experiments. To condition the medium, 6 Â 10 5 U87MG or U251MG tumor cells were grown in 5 mL medium in a T25 flask for 24 hours. Endothelial cells were exposed to the tumor-conditioned medium for a total of 24 hours before immunoblotting. For growth factor inductions, 70% confluent HMVEC cells were maintained in VEGF-free medium for 24 hours, then stimulated with either fresh VEGF-free medium or 50 nmol/L phorbol 12-myristate 13-acetate (Sigma, St. Louis, MO), 50 ng/mL VEGF (BD Biosciences, Bedford, MA), or 48 ng/mL scatter factor/hepatocyte growth factor (BD Biosciences) in VEGF-free medium for 48 hours before analysis.
RNA isolation and reverse transcription. Total RNA was isolated from 10 to 30 mg of snap frozen, homogenized tissue or 10 6 cultured cells using the Qiagen RNeasy Mini kit (Qiagen, Valencia, CA) according to the protocol of the manufacturer. cDNA was generated using the SuperScript First-Strand Synthesis System for reverse transcription-PCR (RT-PCR; Invitrogen) according to the protocol of the manufacturer. Briefly, 5 Ag of total RNA was combined with oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers, heat denatured, and reverse transcribed with SuperScript II RT at 42jC for 50 minutes. A RT-minus control was done for each reverse transcription reaction. Products were phenol-chloroform extracted, diluted 1:10, and stored at À20jC. Equivalent volumes of RT-plus and RT-minus products were used as templates for amplification.
PCR amplification. PCR reactions were done using Platinum Taq TaqMan. Real-time quantitative PCR data and technical expertise were provided by personnel of the TaqMan core facility of the Genomics and Proteomics Core Laboratories of the University of Pittsburgh. In brief, total RNA isolated from tumor and normal specimens was reverse transcribed using the ABI High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) according to the protocol of the manufacturer. Quantitative PCR was done using the TaqMan Universal PCR Master Mix and ABI Prism 7900HT with sequence detection software v2.1 (Applied Biosystems). Each reaction was done in triplicate. PV-1 results for each sample were averaged and normalized to von Willebrand factor (vWF). The fold increase in PV-1 expression (tumor versus normal) was calculated. Statistical significance was determined using a nonparametric Wilcoxon rank sum test and JMP IN software. Primer and probe sequences are available upon request.
In situ hybridization. The protocol is adapted from St. Croix et al. (6) . Digoxygenin-labeled antisense RNA probes covering the body of the target cDNA were generated by PCR amplification with incorporation of a T7 promoter (5V -CTAATACGACTCACTATAGGGAGA) into the antisense primer. In vitro transcription was done using the digoxygenin RNA Labeling kit (SP6/T7) and T7 RNA polymerase (Roche, Indianapolis, IN) according to the protocol of the manufacturer. Sections (8-10 Am) were cut onto CSS-100 silylated slides (CEL Associates, Pearland, TX). Briefly, sections were deparaffinized in xylenes and rehydrated in 100% ethanol, 70% ethanol, and 50% ethanol for 5 minutes each. Slides were rinsed in diethylpyrocarbonate-distilled water followed by incubation in 0.1 N HCl for 20 minutes and second rinse in diethylpyrocarbonate-distilled water. Slides were immersed in 10 Ag/mL proteinase K (Invitrogen) diluted in 1Â TBS (Quality Biologicals, Gaithersburg, MD) for 40 minutes at 37jC then rinsed in 1Â TBST (1Â TBS/0.05% Tween 20) . Hybridizations were done by diluting digoxygenin-labeled RNA probe cocktail to 200 ng/mL in RNA hybridization solution (DakoCytomation, Carpinteria, CA) and heat denaturing for 3 minutes at 85jC. Sections were covered in HybriWell hybridization chambers (Molecular Probes, Eugene, OR) and the denatured hybridization solution was added to fill the chamber. Slides were hybridized overnight at 55jC. Slides were rinsed twice in 2Â SSC for 5 minutes at 45jC and treated with RNase A/T1 (Ambion, Austin, TX) diluted 1:35 in 2Â SSC at 37jC for 30 minutes. Slides were washed in 2Â SSC/50% formamide DI (American Bioanalytical, Natick, MA) for 30 minutes at 55jC, followed by 0.08Â SSC (DakoCytomation) for 30 minutes at 55jC. Slides were rinsed with 1Â TBST and Cancer Research.
on January 28, 2018. © 2005 American Association for clincancerres.aacrjournals.org Downloaded from peroxidase blocking reagent (DakoCytomation) was added to each section for 30 minutes. Slides were rinsed in 1Â TBST for 5 minutes. Normal rabbit IgG (DakoCytomation) was diluted 1:20 in buffer [100 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, and 1% casein] to generate blocking buffer. Blocking buffer was added to sections for 30 minutes at room temperature. For detection, sections were incubated with rabbit horseradish peroxidase-antidigoxygenin primary (DakoCytomation) diluted 1:150 in blocking buffer for 45 minutes. Sections were washed in 1Â TBST and one drop of biotinyl-tyramide (DakoCytomation) was added to each slide for 10 minutes. Slides were again washed in 1Â TBST. Sections were incubated in rabbit horseradish peroxidase-antibiotin secondary (DakoCytomation) diluted 1:150 in blocking buffer for 20 minutes in the dark then rinsed in 1Â TBST. One drop of biotinyl-tyramide was added to sections and slides were incubated for 5 minutes in the dark then rinsed in 1Â TBST. Sections were incubated with rabbit alkaline phosphatase -antibiotin tertiary (DakoCytomation) diluted 1:75 in blocking buffer for 20 minutes in the dark and rinsed in 1Â TBST. Signal was detected by staining with Fast Red (Sigma) followed by counterstaining with Probe/ Hematoxylin counterstain (Biomeda, Foster City, CA). Slides were mounted with Crystal/Mount (Biomeda).
Antibodies. A rabbit polyclonal antibody was raised against the peptide ''CPIDPASLEEFKRKILESQR'' from the carboxy terminus of the human PV-1 protein (Quality Controlled Biochemicals, Hopkinton, MA). Anti-h-actin goat polyclonal was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Goat anti-rabbit-horseradish peroxidase and rabbit anti-goat-horseradish peroxidase secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA).
Western blotting. Cells were washed twice with Dulbecco's PBS, lysed in ice-cold radioimmunoprecipitation assay buffer (167 mmol/L NaCl, 0.5% NP40, 0.05% NaDOC, 0.1% SDS, and 50 mmol/L TrisHCl) supplemented with protease inhibitors (Calbiochem, San Diego, CA). The protein lysate was homogenized through a 20 g needle and centrifuged for 5 minutes at 10,000 Â g. Protein lysates were quantified using the Pierce Coomassie Protein Assay kit (Pierce, Rockford, IL) according to the protocol of the manufacturer. Proteins were electrophoresed through 4% to 20% Tris-glycine polyacrylamide Novex gels (Invitrogen) under denaturing conditions and were transferred onto Immobilon polyvinylidene difluoride membranes (Invitrogen). Membranes were blocked overnight at 4jC in 10% bovine serum albumin/ TBS with 0.05% Tween 20 (TBST). Proteins were then exposed to an anti-human-PV1 rabbit polyclonal diluted 1:100 in 5% BSA/TBST at 4jC overnight. Membranes were washed with 5% BSA/TBST for 3 Â 10 minutes. The proteins were exposed to a goat anti-rabbit-horseradish peroxidase secondary diluted 1:1,000 in 5% BSA/TBST for a total of 1 hour. Membranes were washed 3 Â 10 minutes with 5% BSA/TBST and then washed an additional 6 Â 10 minutes with TBST. Antibody binding was visualized using ECL Western Blotting Detection Reagents according to directions of the manufacturer (Amersham Biosciences, Little Chalfont Buckinghamshire, United Kingdom). Membranes were stripped with 60 mmol/L Tris-HCl, 2% SDS, and 100 mmol/L h-mercaptoethanol and reprobed as above using 1:1,000 anti-h-actin goat polyclonal antibody and 1:5,000 rabbit anti-goat secondary antibody.
Small interfering RNA. Small interfering RNA (siRNA) duplexes were generated against PV-1 (Integrated DNA Technologies). The targeted PV1-KD sequences were GAAGCUCAACUUCACCACCTT (sense) and GGUGGUGAAGUUGAGCUCCTT (antisense). The control PV1-scr sequences were CAGCACAUGCAUGUACACGTT (sense) and CGUGUACAUGCAUGUGCUGTT (antisense). Duplexes were transfected using the Targefect siRNA Transfection kit, according to the protocol of the manufacturer (Targeting Systems, Santee, CA). Briefly, cells were seeded at 12 Â 10 4 cells/T25 flask and brought to 60% to 70% confluence for the day of transfection. Transfection complexes were formed in Opti-MEM I medium (Invitrogen) containing transfection reagents and 75 pmol of siRNA duplex at 37jC for 25 minutes. Cells were washed twice with Opti-MEM I medium (Invitrogen) and exposed to transfection complex medium for 2 hours at 37jC in a 5% CO 2 atmosphere. The cells were replenished with the appropriate growth medium and incubated overnight. Fresh growth medium was supplied the next morning and cells were maintained for 96 hours before Matrigel induction.
Matrigel assays. Matrigel (BD Biosciences) was thawed on ice overnight at 4jC and 300 AL was spread per well of a 24-well plate. The plates were polymerized for 30 minutes at 37jC. Cells were counted using trypan blue exclusion to ensure viability and plated in appropriate growth medium at a density of 6 Â 10 4 viable cells per well. Cells were grown for 24 hours on Matrigel with tubulogenesis observed at 6 hours postseeding. In each condition, five randomly selected fields of view were photographed in each well for assessment of average tubule number and average tubule length. Images were captured using a Zeiss AxioCAM digital camera attached to a microscope at Â10 magnification. Image analysis of tubule length and number was carried out using Zeiss KS 300 3.0 software. Statistical significance was determined using the Wilcoxon/Kruskal-Wallis rank sum test and JMP IN software.
Cell migration assays. HMVEC cells were grown in T25 flasks to 70% confluence and transfected with 70 pmol of PV1-KD or PV1-scr RNA interference (RNAi) duplex in DMEM medium for 2 hours. Twenty-four hours following transfection, cells were harvested with trypsin-EDTA (Invitrogen), suspended in growth medium supplemented with 10% fetal bovine serum, and allowed to recover for 2 hours under normal growth conditions. Twenty-four-well, 
Results
Expression of PV-1. Previous SAGE results had shown selective up-regulation of PV-1 in the endothelial cells of human glioblastoma compared with nonneoplastic endothelium (Table 1; ref. 3). To verify that PV-1 was induced in human brain tumors, we performed RT-PCR using PV-1 -specific primers on mRNA isolated from frozen clinical specimens of two nonneoplastic brains and five high-grade gliomas. Additionally, we wondered whether PV-1 induction was glioma specific, or possibly a more general marker of CNS neoplasia, so five specimens of metastatic adenocarcinoma to the brain were analyzed as well. The RT-PCR yielded PV-1 mRNA in the glioma and metastatic mRNA samples but no PV-1 mRNA expression in the normal brain samples. Representative data are shown in Fig. 1A .
We next did quantitative real-time PCR on our samples to better quantify the up-regulation of PV-1 in the tumors. Again, the results confirmed an f4-fold induction of PV-1 mRNA in all tumors when normalized to vWF, a blood vessel marker (P = 0.01, Wilcoxon rank sum test; Fig. 1B) . These results showed that the increase in PV-1 signal was not simply due to an increased number of blood vessels. Although we did not detect PV-1 expression in our normal samples with standard RT-PCR, the more sensitive TaqMan protocol was able to measure low levels of PV-1 expression.
Localization of PV-1. To confirm that PV-1 mRNA was not only up-regulated in human brain tumors but that its expression localized to the microvasculature, we did in situ hybridization on paraffin-embedded normal brain and brain tumor samples using riboprobes directed against PV-1 and the endothelialspecific markers KDR (VEGFR2) and vWF. The microvasculature of both the glial tumors and the metastatic adenocarcinomas stained brightly with both PV-1 and KDR. There was no expression of PV-1 detected in any location other than endothelium (Fig. 2) . In contrast, in situ hybridization to normal brain showed comparatively nominal expression of PV-1 within the cortex ( Fig. 2A) . During examination of the nonneoplastic brain specimens, we determined that vWF showed more complete staining of the cerebrovasculature than KDR (data not shown), so we elected to use vWF as the endothelial control gene for the remainder of the in situ studies. Control staining for vWF and KDR was identical for the high-grade tumors.
We next expanded our examination of the PV-1 expression pattern to a panel of high-and low-grade brain tumors as well as several additional pathologic brain specimens with an abnormal vasculature. PV-1 staining was uniformly detected in the glioblastomas and metastatic tumors, but was also demonstrable in a lesser percentage of the lower-grade tumors (Fig. 2) . In all cases, PV-1 expression was localized to endothelial cells. Interestingly, PV-1 expression was evident in tumors arising from the choroid plexus and ependyma, two sites where PV-1 expression remains present in the adult CNS. PV-1 was also up-regulated in brain tissue surgically resected from patients undergoing decompressive operations for acute ischemia/stroke, indicating a possible role for hypoxia in PV-1 gene induction. Table 2 summarizes these results.
Induction of PV-1 expression by human brain tumor cell lines. PV-1 is expressed at very low levels in primary human endothelial cells but can be induced by phorbol 12-myristate 13-acetate treatment (7) . To further elucidate the relationship between brain tumors and PV-1, we sought to determine whether PV-1 expression could be up-regulated by exposure of endothelial cells to medium conditioned by human glioblastoma cell lines. HMVEC cells were cultured in the presence of U87MG or U251MG conditioned medium for 24 hours and then harvested for protein analysis. Western blotting showed a clear induction of PV-1 in HMVEC cells exposed to both the U87MG and U251MG medium (Fig. 3A) . Furthermore, PV-1 was induced by the individual addition of proangiogenic growth factors VEGF or scatter factor/hepatocyte growth factor, which are secreted by gliomas (Fig. 3B) . Phorbol 12-myristate 13-acetate induction of PV-1 served as a positive control.
Small interfering RNA knockdown of PV-1 expression. We next generated a previously validated siRNA duplex targeted against the PV-1 mRNA molecule (PV1-KD) and a scrambled control duplex (PV1-Scr; ref. 7) . Fluorescently tagged versions of the siRNA duplexes were used to optimize transfection conditions into endothelial cells (data not shown). Transfection of the targeted PV1-KD knockdown duplex into HMVEC cells prevented the up-regulation of PV-1 protein upon treatment with U87MG conditioned medium (Fig. 3C) . In contrast, the scrambled, untargeted duplex, PV1-Scr, had nominal effect upon PV-1 induction by U87MG conditioned medium. PV1-KD also blocked induction by U251MG (data not shown).
Knockdown of PV-1 inhibits tubulogenesis and migration in vitro. To address the role of PV-1 in the angiogenic response, we examined whether PV-1 expression was required for endothelial cells to undergo Matrigel-induced tubulogenesis. HMVEC cells were transfected with PV1-KD or PV1-Scr duplexes or no siRNA. The cells were allowed to recover from the transfection, checked for viability, and then plated onto Matrigel. Within 6 hours, the untreated cells showed a robust tubulogenic response (Fig. 4A) . The cells treated with the nonspecific PV1-Scr duplex also underwent tubulogenesis (Fig. 4B) . However, the cells treated with the PV1-KD duplex failed to undergo tubulogenesis in Matrigel, suggesting that PV-1 expression is critical for the tubulogenic response in vitro. PV-1 knockdown in HMVEC cells significantly inhibited both tubule number (P = 0.002, Wilcoxon rank sum) and length (P = 0.009, Wilcoxon rank sum) compared with control HMVEC cells and HMVEC cells transfected with a scrambled RNAi duplex (Fig. 4C and D) .
To further substantiate the role of PV-1 in angiogenesis, we used a modified transwell assay to assess migration of HMVEC cells in response to proangiogenic chemoattractants. HMVEC cells were added to top wells of gelatin-coated transwell inserts and exposed to medium conditioned by U87MG/ VEGF-overexpressing cells, parental U87MG cells, VEGFsupplemented growth medium, or growth medium alone. Untransfected, control HMVEC cells or those transfected with the nonspecific PV1-Scr RNAi duplex showed increased migration in response to chemoattractants (Fig. 4E) . However, transfection with the PV1-KD RNAi duplex significantly inhibited cell migration in response to every condition compared with control HMVEC cells and HMVEC cells transfected with scrambled RNAi duplexes (P = 0.002 versus control and scrambled RNAi, Wilcoxon rank sum test). These data provide further evidence that PV-1 is required during the angiogenic response of endothelial cells in vitro.
Discussion
Caveolae are specialized invaginations of the plasma membrane (50-100 nm in diameter) also known as ''lipid rafts'' formed as a result of localized accumulation of cholesterol, glycosphingolipids, and structural proteins, reviewed in (ref. 8) . In addition to a classic role in transcellular transport, they are also recognized to play roles in receptormediated uptake, receptor tyrosine kinase signal transduction, apoptosis, and lipid metabolism. The principal structural component of caveolae, caveolin-1, is widely expressed in brain endothelial microvascular cells (8 -11) . Unlike in fenestrated endothelia where caveolae are involved in transport, microvesicular transport is absent in the mature blood-brain barrier and caveolin-1 seems to play a role in maintaining blood-brain barrier integrity through associations with Pglycoprotein and occludin (12 -15) .
Under conditions promoting angiogenesis, the role of caveolae seems to change. VEGF stimulation of endothelial cells in vitro leads to increased caveolae and fenestrae formation (16) . These changes occur without an increase in cellular levels of caveolin-1. Caveolae also become critical for cytokine signal transduction, such as those from the chemokine monocyte chemoattractant protein-1 (17), which are responsible for inflammatory events at the blood-brain barrier and for proper cellular trafficking of proteins associated with extracellular matrix turnover such as matrix metalloproteinase-9 and fibronectin (18, 19) . In total, blocking caveolin-1 expression with antisense RNA effectively blocks angiogenesis using in vitro models (18, 19) and indicates that targeting caveolae may be an attractive target to block tumor-induced angiogenesis in patients.
Unfortunately, the widespread expression of caveolin-1 in the mature blood-brain barrier and its apparent role in both Fig. 2 . In situ hybridization for PV-1 in clinical specimens of CNS pathology. In each pair, superior image represents staining for PV-1 and inferior image represents control staining for endothelial-specific antigen. KDR was used as the control for images (A-C) and vWF was used as the control for (D-H). Pathologic diagnoses: epileptic cortex (A), glioblastoma multiforme (B), metastatic adenocarcinoma (C), anaplastic astrocytoma (D), oligodendroglioma (E), cerebral primitive neuroectodermal tumor (F), medulloblastoma (G), and acute ischemia (H).
maintaining the intact blood-brain barrier as well as promoting angiogenesis makes it a poor target for possible therapies. In this paper, we describe a valuable alternative therapeutic target, PV-1.
PV-1 was initially described in association with microvesicular transport in immature rodent brain endothelium as a cell surface protein whose expression is suppressed in the mature CNS (4) . Further microstructural studies have indicated that multiple homodimers of PV-1 localize to the stomatal diaphragms of caveolae in fenestrated endothelium (20) . Induction of PV-1 in primary endothelial cells triggered the de novo formation of stomatal diaphragms of caveolae and transendothelial channels, whereas silencing of PV-1 prevented the formation of the diaphragms of caveolae as well as fenestrae and transendothelial channels (7) . Whereas PV-1 is normally expressed in adult lung, kidney, and endocrine tissues, its expression is lost in the CNS in association with formation of an intact blood-brain barrier (5) . Recent genomic data suggest that the cDNA encoding the murine endothelial marker, MECA-32, is identical to PV-1 , and, indeed, MECA-32 expression is suppressed during differentiation of the bloodbrain barrier in mice (21). We have previously described PV-1 as a glioma-specific endothelial marker based on its differential expression in SAGE studies (3). PV-1 was dramatically up-regulated in endothelial cells derived from patients with glioblastoma multiforme in our SAGE studies but minimally expressed in patients with temporal lobe epilepsy (nonneoplastic controls). We have now confirmed that PV-1 is dramatically and specifically up-regulated in the endothelial cells of gliomas and have expanded our analysis to a panel of brain tumors and other pathologic disorders. There is a clear association between PV-1 expression and abnormal cerebrovascular integrity. PV-1 expression is robust in malignant brain tumors, including both primary glioblastoma multiforme and secondary metastatic carcinoma. Interestingly, PV-1 expression was also robust in CNS tissue resected for decompression following an acute ischemic infarct. Surgery for this indication is done immediately following the event, indicating PV-1 upregulation occurs rapidly in response to external stimuli, rather than occurring as a late effect of vascular remodeling. Generally, PV-1 expression was highest in lesions with a disrupted blood-brain barrier that would be expected to enhance on imaging studies, such as magnetic resonance imaging or computed tomography. There were exceptions to this, however, as a large medulloblastoma with bright control endothelial staining for vWF did not show significant staining for PV-1 by in situ hybridization. It is always possible that although up-regulation did occur in this setting, it fell outside the ability of our in situ probes to detect. We confirmed a direct link between CNS malignancy and endothelial PV-1 expression by demonstrating that cultured medium from human glioma cell lines U87MG and U251MG was capable of boosting PV-1 expression in HMVEC cells grown in vitro. Previous experiments by our laboratory and others indicate that HMVEC cells grown on plastic express basal levels of PV-1 that can also be increased by growth on Matrigel (3) or exposure to phorbol 12-myristate 13-acetate (7) . Additionally, we showed that VEGF and scatter factor/hepatocyte growth factor induced PV-1 expression in vitro, suggesting that secretion of these growth factors by gliomas might increase protein expression in vivo. Interestingly, we have observed that fetal astrocytes can also induce PV-1 expression in HMVEC cells (data not shown), potentially reflecting the immature microvascular phenotype as astrocytes are known to influence cerebrovascular integrity and can release agents, such as ET-1, glutamate, inetrleukin-6, tumor necrosis factor-a, and macrophage inflammatory protein-2, that increase blood-brain barrier permeability (reviewed in ref. 22 ). Together, these data indicate that PV-1 expression is tightly regulated in response to external stimuli, including those provided by replicating glioma cell lines.
We validated PV-1 as a therapeutic target for blocking angiogenesis. Matrigel-induced tubulogenesis was inhibited by RNAi knockdown of PV-1 expression. Although results are presented using HMVEC cells, similar phenomena were also seen with human umbilical vascular endothelial and primary brain endothelial cell lines (data not shown). PV-1 knockdown did not affect cellular viability as measured by trypan blue exclusion, indicating the effects of PV-1 knockdown are selective for tubulogenesis rather than merely representing a fatal event for the endothelial cell population.
In summary, PV-1 expression is selective in the CNS and limited to disease states associated with blood-brain barrier disruption, such as malignancy and stroke. Blocking PV-1 through RNAi also blocks angiogenesis in an in vitro model system. Selective targeting of the CNS to allow sparing of the systemic vasculature through polymer-mediated, site-specific delivery or convection-enhanced therapy is a rapidly expanding field (23) . PV-1 may, therefore, be a suitable antiangiogenic target for brain tumor therapy and cerebral edema and may represent a selective molecule through which caveolae-mediated biological phenomena can be controlled. 
